Salamander large cells facilitated identification and localization of lipids by MALDI imaging mass spectrometry. Salamander retina lipid extract showed similarity with rodent retina lipid extract in phospholipid content and composition. Like rodent retina section, distinct layer distributions of phospholipids were observed in the salamander retina section.
Introduction
Lipidomics has gained much attention in recent days due to lipids' crucial role in living systems. Lipids are chemically diverse biomolecules and their biological functions are also diverse in living cells. They are the principal components of cell membranes and control biomembrane physiology. [1] [2] [3] The central nervous system is mostly composed of diverse lipids, and defective lipid metabolisms are related to various diseases of the brain and peripheral nervous systems. 4 The retina, a part of the nervous system, receives light . DHA plays an important role in the development, survival, function, and in inhibiting apoptosis of retinal photoreceptors. [5] [6] [7] [8] PUFAs including DHA are in general susceptible to lipid peroxidation that is considered as one of the causative factors of retinal diseases, such as age-related macular degeneration and diabetic retinopathy. 9, 10 Since lipids are considered as important causative and diagnostic molecules for retina diseases, a complete knowledge of the lipid profile of the normal retina is necessary. 10 Extraction of lipids from tissue followed by lipid characterization using high performance liquid chromatography mass spectrometry (HPLC MS) and gas chromatography mass spectrometry (GC MS) is the major direction in lipid research. However, spatial distribution of lipids in a given tissue is lost by the extraction method. Fig. S9 ). The thickness error of matrix on the tissue was about 10% from center to edge, but <1% in the analyzed area (analyzed area was about 1/100 of total tissue area.). The scan range of the instrument was set at m/z 400-1200 at a scan speed of 1000 Da/s. The trap fill-time was set at 3 ms in the positive ion mode. Nitrogen was used as a curtain gas (setting of 10, arbitrary unit) and as a collision gas (set to high). The declustering potential was set at 20 V to minimize in-source fragmentation. Both Q1 and Q3 resolutions were set to unit mass. The collision energy used was varied according to the desired experiment. In order to identify the PC species, precursor ion and neutral loss scanning were performed; these methods are effective for the detection of phospholipids, since characteristic fragment ions or neutral losses are generated by collision induced dissociation (CID).
Preparation of retina section for MALDI IMS

Preparation of retina lipid extract
LC-ESI MS analysis was carried out using an ACQUITY UPLC TM BEH C18 (150 mm × The MS/MS analysis was performed during LC-ESI MS measurement in negative ion mode. The ion spray voltage was set at -4500 V. Neutral loss scanning was performed to identify the PC species as described previously. 20, 21 The characteristic fragmentation patterns of individual molecular PC species were determined by enhanced product ion scanning (EPI).
These EPI experiments were performed as continuous data independent measurements for obtaining mass chromatograms of characteristic product ions. The collision energy was set at 45 eV. The scan range of the instrument was set at m/z 200-1000 at a scan speed of 1000 Da/s. The Q0 trapping was set to "ON". The linear ion trap fill-time was set at 10 ms. The declustering potential was set at -60 V. The resolution of Q1 was set to unit mass. 
MALDI MS analysis
MALDI IMS data processing
In-house built software and MATLAB TM version 7.5 (Mathworks, Inc.) were used for raw data saving, processing and interpretation of IMS data. For PCA analysis, hundred most intense peaks were picked from m/z 550-1000 at a mass tolerance of 0.5 Da. Pareto scaling was applied to reduce the relative importance of large peaks. PCA was carried out, and several principal components with high score were selected. VARIMAX rotation was applied to them in order to obtain more interpretable data.
Identification of PC species was based on their molecular mass ions (m/z), their various alkali metals adducts and MS/MS analysis followed by a lipid database search. Using AP MALDI MS system, we run three experiments independently using at least three tissue sections from three animals and found the data to be reproducible (Supplementary materials, Fig. S14 ).
Results
Salamander retina phospholipids composition
Both positive and negative (Supplementary materials, Fig. S1 ) ions ESI mass detected phospholipids in the salamander retina crude lipid extract. As shown in Fig. 2 Supplementary materials, Fig. S5 ).
In [M+H] + contributed about 64, 29, and 7% respectively, in the mass spectrum. This lipid also showed similar alkali metal adducts formation in the OPL and INL layers. The other lipid also formed alkali metal adducts through out the retinal layers in a similar fashion (Table 3) .
It is worth mentioning that the adduct formation affinity of metal ions with lipids containing
PUFAs was somewhat different from lipids containing saturated or monounsaturated fatty acids (Supplementary materials, Table S1 ). These results indicated that we observed lipid distribution throughout the retinal tissue rather than alkali metals distribution.
Mosaic distribution of phospholipids in the outer segment and inner segment regions
It was difficult to differentiate the distribution of lipids in the IS, OS, and RPE layers because of their intercrossing. To detect specific lipid composition on the IS and OS layers of the salamander retina, MALDI raster scanning was focused on the IS and OS layers (Fig.   4A , area in circles). Three major phospholipids containing PUFAs at m/z 820.5 (PC 36:4), 844.5 (PC 38:6), and 872.5 (PC 40:6) were detected in the OS and IS regions (Fig. 4) . These lipids were highly populated over 50% of the total pixels (30 × 6) in the given scanned area and showed their discrete distribution with a variable intensity over the scanned area. Among the three PC species, PC (38:6) and PC (40:6) were the most abundant lipids (Fig. 4B) . Both lipids were localized on the basal part of photoreceptor cells; whereas, the other PC 36:4 was concentrated on the apical part. These lipids' localization is consistent with the whole retina imaging map, as shown in Fig. 3 . At the pixel 45, the signal intensity of PC 38:6 was relatively faint compared with PC 36:4 and PC 40:6 signals, indicating its low abundance at this position (Fig. 4B, arrow) . The relative intensity of each molecular ion (m/z) indicated its relative abundance in the particular cell or cell part at each pixel (Fig. 4C) . Each circle (laser spot) could be considered to cover a single cell or a part of a single cell, and a relative lipid composition in a particular spot might indicate its lipids profile. Empty spots/circles could be a result of low lipid content, poor matrix distribution, absence of matrix, or laser irradiation on an intercellular space.
Discussion
Phospholipids content and composition of the salamander retina lipid extract showed high similarity with that of the rat retina lipid extract. 12 Detection of lipids containing long and very long chain PUFAs that associated with rhodopsin was consistent with bovine retina lipids. 25 Major lipid species along with their fatty acid compositions were identified on the basis of their m/z, MS/MS data and database search 23 (Table 1 and 2) . Among them, six major lipids were detected and localized in the AP MALDI IMS measurement. PCA analysis of MALDI IMS data found the same phospholipids peaks as detected in the crude lipid extract by ESI MS. Thus, PCA is a useful tool to find out significant molecular peaks from principal components without previous knowledge of molecules.
Lipids containing PUFA acyl moieties were observed mostly in both the OS and the IS layers, which is consistent with previous findings. 13 The OS layer harboring rhodopsin, where phototransduction process occurs, is composed of lipids containing mainly PUFAs.
5-7
The phototransduction process involving conformational changes of rhodopsin is largely facilitated by a sufficiently flexible lipid bilayer, and the lipid bilayer fluidity is mostly dependent on the composition of phospholipids' fatty acyl groups. Phospholipids composing PUFAs, like DHA, with low gel-to-fluid properties 26 provide sufficient fluidity of the lipid bilayer and play significant roles in the phototransduction process. The large cells of the salamander allowed us to identify and localize lipids in the retinal layers at cellular size resolution. By considering the tissue section thickness (5 μm), which is smaller than the salamander retinal cell (14 μm), a single cell level analysis could be achieved, as shown in Fig. 4 .
The highly focused laser beam gave imaging capacity within a small area (7 μm).
However, the major limitations of the small laser spot are significant decrease of ion research. It is suggested that these lipids undergo cleavage during ionization from matrix (DHB). 27 Thus, their analysis could be achieved using other matrix and negative ion mode MALDI.
In conclusion, identification and molecular profiling of a particular cell or cell types using MALDI IMS would be an interesting future research area, and the salamander having large cells could be an ideal model animal for IMS analysis and profiling of biomolecules in a given tissue and/or cell. + ions contributed only <10-0% in the spectrum. 
